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Sodium-coupled hexose transport
BERTRAM SACKTOR
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The archetypical transport system for the study of Na-
coupled solute flux is the Nat-glucose cotransporter. The
Nat-gradient hypothesis was originally proposed by Crane [I]
to explain active intestinal glucose absorption. According to
this proposal, glucose enters the polar enterocyte at the luminal
(brush border or microvillus) segment of the plasma membrane
against its electrochemical potential. The driving force for the
uphill sugar uptake is the coupling of glucose flux with Na
entry. The movement of Na from lumen to cell is down its
electrochemical potential. The favorable Na entry results
from the active extrusion of Na across the basolateral segment
of the plasma membrane, energized by ATP hydrolysis, cata-
lyzed by the (Na + K) ATPase. Glucose exits from the cell
across the basolateral membrane, down an electrochemical
gradient. The flux from cell to blood is by non-Na-coupled
diffusion, mediated by a carrier distinct from that found at the
apical membrane. Thus, Na-glucose co-transport is an exam-
ple of a secondary active transport system in which the net flux
of a solute against its electrochemical potential difference is
coupled to the flow across the same membrane of a second
solute for which a favorable electrochemical potential exists.
The purpose of the present review is to summarize the strate-
gies and evidence that established the functionality of the
Na -hexose cotransporter.
The most compelling evidence in support of the Na gradient
hypothesis for renal glucose transport has come from studies
with membrane vesicles. Investigations of the transport sys-
tems in isolated membrane vesicles have allowed examination
of membrane transport phenomena independent of cellular
metabolism and have permitted study of the ionic driving
forces, kinetics and biochemical properties of the membrane-
bound carriers separated from in vivo modifiers. Both Nat-
dependent glucose transport [2—51 and glucose-dependent Na
transport [6] have been demonstrated in renal brush border
membrane vesicles. In addition, the studies demonstrate that it
is the presence of the Na gradient that is crucial. Aronson and
Sacktor [3] have shown that the effect of the Na gradient on
glucose transport, measured as influx or efflux, can be dissected
into a stimulatory effect of Na when sugar and Na are on the
same side of the membrane (cis stimulation) and an inhibitory
effect of Na when sugar and Na are on opposite sides of the
membrane (trans inhibition). The findings also suggest func-
tional symmetry of the glucose carrier at both sides of the brush
border membrane. Contrasting with the presence of a Na-
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dependent glucose transport system localized to the renal
tubule luminal membrane, basolateral membrane vesicles pos-
sess only a Na-independent glucose transport system [4, 7].
Further, Aronson and Sacktor [3] have also reported that the
Na gradient can drive the concentrative uptake of glucose in
renal microvillus membrane vesicles. In the presence of the
Na gradient, the intravesicular sugar concentration transiently
rises above its equilibrium value; then, sugar effluxes from the
vesicle toward equilibrium as the Na gradient dissipates. At
the peak of the "overshoot", the uptake of glucose can be more
than 10-fold the final value. Thus, the uphill uptake of glucose
that is characteristic of the proximal tubule can be mimicked by
the isolated brush border membrane vesicle in conjunction with
an appropriate Na gradient.
Studies with isolated luminal membrane vesicles have also
been used to answer the question whether Nat-dependent
sugar transport is an electroneutral or electrogenic process. In
the latter case, glucose transport should be influenced by the
electrochemical potential across the membrane. Two ap-
proaches have been taken to regulate experimentally the mem-
brane potential across the brush border membrane. These are:
the use of anions of different modes of permeability, and the
utilization of specific ionophores and proton conductors. Beck
and Sacktor [5] have reported that the imposition of a salt
gradient with either Na2SO4 or sodium isethionate, in compar-
ison with one with NaCl, results in a decreased uptake of
glucose. The luminal membrane is relatively impermeable to the
sulfate and isethionate anions. Therefore, little development of
electrochemical potential is to be expected for driving an
electrogenic Na-dependent glucose uptake. In contrast, when
the lipophillic NO and SCN are used, the transient over-
shoot of glucose uptake is greater and faster than that with Cl.
Since the brush border membrane is more permeable to these
anions, relative to C1, and Cl, N03 and SCN have
conductances greater than Na [81, the anions enter the intra-
vesicular space more rapidly than Na and permit development
of a electrochemical potential (interior negative). These findings
suggest that only anions that penetrate the brush border mem-
brane and generate an electrochemical potential, negative on
the inside, energize an electrogenic uphill Nat-glucose cotrans-
port. This suggestion is supported by experiments in which the
membrane potential is altered with ionophores. For example,
Beck and Sacktor [5] have shown that valinomycin, an iono-
phore that mediates electrogenic K movements, increases
Natdependent glucose accumulation, provided a K gradient
(vesicle > medium) is present. On the other hand, nigericin,
which mediates an electroneutral exchange of Na for K, does
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not. The electrogenic proton conductor, carbonyl cyanide p-
fluoromethoxyphenyl hydrazone, also enhances glucose uptake
in the presence of a proton gradient (vesicle > medium) in renal
[5] and intestinal [9] brush border preparations. It is important
to note that the ionophores do not affect the nonspecific
permeability properties of the brush border membrane, as the
equilibrium uptakes are not altered nor is there loss in the
ability to discriminate between D- and L-glucose.
The Na electrochemical gradient, Na, may be de-
scribed as
Na = + t[Na]
where /, is the electrical component and 4Na] is the
chemical component, a function of the transmembrane activity
ratio of Na. In the experiments, cited above, an infinite
extravesicular to intravesicular Na gradient has been used to
effect the transient uphill movement of sugar into the membrane
vesicles [3]. In these experiments, the initial intravesicular
medium is essentially nonionic (300 m buffered mannitol);
thus, both chemical and electrical gradients are present. Later,
as also noted above, uptake of the sugar is augmented further
when the Na gradient is coupled with a large K diffusion
potential, [K] > [KJ0, in the presence of valinomycin, or
with a H diffusion potential, [H]1 > [H]0, in the presence of
a proton ionophore [5]. Thus, roles for the Na concentration
gradient and the membrane potential are indicated. In contra-
distinction to these earlier experiments in which both compo-
nents of the Na electrochemical potential are present, Beck
and Sacktor [10] designed protocols to assess separately the
role of each component. As shown in Figure 1, Curve A
illustrates the time course of glucose uptake driven by both a
Na concentration gradient, z4Na] > 0 (10/1, medium >
vesicle), and a K diffusion potential, i> 0 (10/1, vesicle >
medium), in the presence of valinomycin. Relative to the
mannitol control (Curve E), in which Na and K are deleted
from both intravesicular and extravesicular media, the rate of
uptake is increased more than 20 times, and at the peak of the
overshoot (1 mm) glucose is accumulated to a value 10 times the
equilibrium value (60 mm). In contrast, the uptake of sugar
never exceeds the equilibrium value when there is no Na
electrochemical potential (LNa = 0; Curve D, although Na
and K are present but [Na] i = [Na41 o and [K] i = [K] o
and the ionophores valinomycin and nigericin are added to
ensure the absence of ionic gradients. To be noted, however, is
the substantial stimulation in the rate of glucose uptake due to
the presence of Na even in the absence of a Na gradient
(compare Curve D with Curve E). In the presence of only a Na
chemical gradient, zt[Na] > 0(10/1, medium > vesicle) but in
the absence of a membrane potential, tqi= 0 ([K] i = {K] o)
(Curve B), the rate of uptake is about five times greater than in
the absence of a Na gradient (Curve D), and a significant
overshoot, threefold the equilibrium value, is seen. This dem-
onstrates that a Na chemical gradient independently can
support the uphill transport of glucose. In the presence of only
a membrane potential, .is> 0(10/1, vesicle > medium), but in
the absence of a Na chemical gradient, p[Na] = 0 ([Na] i
= [Nat] 0; Curve C), both a stimulation in initial rate and an
overshoot are found. This demonstrates that the membrane
potential independently can provide the energy to accumulate
glucose against a concentration gradient. These and other
experiments [10] also show that, when the two components of
the electrochemical gradient are combined, the rate of sugar
transport summates.
It can be predicted from the Na gradient hypothesis and the
demonstration of an electrogenic Na-dependent glucose up-
take in brush border membrane vesicles that the cotransport of
Na and glucose results in a decrease in the membrane poten-
tial. Since electrophysiological techniques to monitor potentials
in isolated microvillar vesicles are difficult, Beck and Sacktor
[11] have used the fluorescent dye, 3,3-dipropylthiodicarbocy-
anine iodide (DIS-C3-(5)), as a probe to assess changes in
potential. We have found that when glucose is added to a
suspension of brush border membrane vesicles equilibrated in a
Na-containing medium there is a rapid transient increase in
the fluorescence of the dye. This sugar-induced response is
stereospecific for the D-isomer, dependent on Na, inhibited by
phlorizin, and blocked by ionophores, valinomycin and nigeri-
cm, which dissipate ionic gradients. The enhancement in fluo-
rescence suggests the entrance into the vesicle of Nat, cotrans-
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Fig. 1. Time course of glucose uptake in response to various driving
forces. Reproduced from Beck and Sacktor [10], with permission.
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ported with the sugar. This leads to the interior of the
membrane vesicle becoming more positive, resulting in depo-
larization of the membrane potential. That the sugar does
induce the transport of Na has been confirmed by direct
measurement of 22Na uptake. Thus, the Na-sugar cotrans-
port system provides a mechanism for glucose to stimulate the
flux of Na as well as for the Na electrochemical gradient to
enhance the transport of glucose. These experiments with
isolated brush border membranes are consistent with and
considerably refine electrophysiological studies with intact sys-
tems which have shown that inserting microelectrodes into
newt [12] and rat [13] renal proximal tubules, in situ, the
addition of glucose to the Nat-containing mucosal fluid results
in the prompt partial depolarization of the transmucosal elec-
trical potential difference, cell interior negative. Therefore,
such alterations in transmural potential may be explained by the
electrophysiological properties found in the isolated brush
border membrane dissociated from cellular metabolism and
transport across the basolateral membrane of the cell.
The characteristics of glucose-dependent Na uptake have
been reported by Hilden and Sacktor [6] as well as by Beck and
Sacktor [11] and Stieger, Barckhardt and Murer [14]. The
uptake of Na is specific for the D-isomer, and for those sugars
whose transports are increased by a Na electrochemical
gradient but not by other sugars whose uptakes are independent
of Nat Glucose-dependent uptake is specific for Nat the
uptake of Rbt which does not support the transport of the
sugar, is not affected by glucose. Na uptake is dependent on
the concentrations of both glucose and Nat Phlorizin inhibits
the glucose-dependent uptake of Nat Hyperpolarization of the
vesicular membrane (inside negative) enhances Na uptake
driven by glucose. lonophores that increase the permeability of
the membrane for Na prevent the glucose-dependent accumu-
lation of Nat These findings demonstrate that the properties of
the glucose-dependent Na uptake system are similar to those
for the Na electrochemical gradient-dependent transport of
glucose and, therefore, provide strong experimental evidence in
support of a Nat-glucose cotransport mechanism. Recently,
Morgunov and Boulpaep [15], using the isolated perfused
proximal tubule of the salamander, have reported that glucose
added to the luminal perfusate increases intracellular Na
activity concommitant with depolarizing the luminal membrane
potential.
Studies with brush border membrane vesicles have estab-
lished that the kinetic effect of the Na electrochemical gradi-
ent on glucose uptake is to lower the apparent Km for the sugar
[3]. The max is unaffected. In order to elucidate further the
mechanism by which the electrochemical Na gradient ener-
gizes glucose transport, Aronson [16] has examined the energy-
dependence of high affinity phlorizin binding to isolated micro-
villus membranes. Phiorizin is a competitive inhibitor of renal
glucose transport [17J but is not itself translocated across the
brush border membrane by the glucose transporter [18]. In
addition, high-affinity phlorizin binding is Na-dependent and
competitively inhibited by D-glucose and those sugar analogs
which share the glucose transport system [19—21], suggesting
that the high-affinity phlonzin binding site is identical with the
glucose carrier. Aronson has found that extravesicular Na
accelerates the rate of phlorizin binding and inhibits the rate of
dissociation of bound glycoside [16]. Moreover, maneuvers,
such as Na salts of various anions and valinomycin-induced K
diffusion potentials, to enhance intravesicular electronegatively
stimulate phlorizin binding and those to enhance intravesicular
electropositivity inhibit it. He also has reported that alterations
in electrical potential are without effect on the rate of release of
bound phlorizin and that intravesicular Na inhibits the rate of
binding [16]. These results are consistent with a model of the
glucose transporter in which Na increases the binding affinity
of the carrier, the free carrier is negatively charged, and the
translocation of the carrier is inhibited by the binding of Na in
the absence of sugar. Therefore, the Na electrochemical
gradient stimulates both glucose flux and phlorizin binding
through its effect on substrate affinity and appearance of the
free carrier at the exterior membrane surface rather than
through an effect on glucose translocation per se.
The finding that Na lowers the apparent Km for glucose [3]
infers that at high sugar concentrations transport of glucose
may be less dependent on the Na4 gradient. In fact, Aronson
and Sacktor [3] have shown that fractional Na-dependent
glucose uptake in brush border membrane vesicles decreases as
the sugar concentration in the medium increases. At a high
concentration of substrate, Hilden and Sacktor [22] have found
that glucose uptake is stereospecific, saturable, phlorizin-sen-
sitive and stimulated by an inside-negative transmembrane
potential, even in the complete absence of Nat Hoshi et al [23]
have reported that this Nat-independent glucose uptake can be
stimulated additionally by an imposed pH gradient ([H]0 >
[H]1). Further, Na-independent, pH-dependent and phlo-
rizin-sensitive D-glucose evoked potentials have been recorded
from isolated toad intestine [23]. These findings suggest that the
glucose carrier in brush border membranes can interact with
H when Na is absent. However, the high Km for glucose in
the absence of Na [22, 23] tends to limit the physiological
significance of non-Na gradient sugar transport.
Microperfusion experiments [24] as well as multiple indicator
dilution [25] and kidney slice [26] techniques have provided the
bulk of the evidence on the specificity and structural require-
ments for the interaction between monosaccharides and the
sugar carriers localized at the luminal and basolateral mem-
branes of the proximal tubule. At the rat brush border, D-
glucose, a- and f3-methyl-D-glucoside and 6-deoxy-D-glucose
are equally effective substrates. This indicates that a change on
C-i or C-6 of the hexose molecule does not interfere with the
ability to be transported. If the configuration of C-4-OH is
changed, as in D-galactose, the transport rate becomes much
smaller. Additional introduction of a methyl group on C- 1, as in
/3-methyl-D-galactoside, does not matter. The C-3 position is
even more important. Methylation of the C-3-OH, as in 3-
O-methyl-D-glucose, reduces the transport strongly and juxta-
position of the C-3-OH, as in D-allose, essentially abolishes
transport. The C-2 position is most crucial. Sugars that differ
from D-glucose or D-galactose by a change on C-2, that is,
D-mannose, 2-deoxy-D-glucose, D-fructose, 2-O-methyl-D-ga-
lactose and a-methyl-2-deoxy-D-galactoside, are not actively
transported. The polyalcohols, D-mannitol and l-deoxyl-D-
glucose, are not substrates. The finding that the latter sugar is
not actively transported indicates that the pyranoside ring
structure is required for the glucose active transport system.
L-glucose, L-gulose and D-ribose are not actively transported.
Studies with isolated brush border membrane vesicles have
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confirmed the structural requirements for the sugar of the Na
gradient transport system 13, 4]. Silverman and Turner [27]
have reported a greatly reduced, but measurable, uptake of
2-deoxy-D-glucose at the brush border of the dog kidney which
is Nat-dependent and inhibitable by phlorizin and D-glucose
but not by L-glucose. The discrepancy between laboratories
may be rationalized by species differences or by the possibility
that 2-deoxy-D-glucose interacts only with a distally located
Nat-independent glucose carrier (discussed below). A distinc-
tion between the more proximal (pars convoluta) and distal
(pars recta) Nat-dependent glucose transport systems in the
handling of glucose and galactose has also been reported [28].
In brush border membrane vesicles isolated from the pars recta,
the affinity of the Nat-dependent sugar transport system for
D-glucose and D-galactose is the same. In contrast, in the
membrane vesicles from the convoluted tubule, the carrier has
a greater affinity for D-glucose. This finidng suggests that the
Nat-dependent monosaccharide transport system in the prox-
imal convoluted tubule is relatively specific for the steric
position of the C-4-OH and presumably interacts only with
D-glucose at normal physiological concentration [28].
As discussed above, the transport of hexoses across the
basolateral membrane of the tubular cell is Na-independent,
occurring by a distinct transport system in which the driving
force is the concentration difference of the sugar across the
membrane. The basolateral and luminal transport systems also
differ with respect to the site of action of inhibitors and the
sugar specificity. Of the inhibitors, phlorizin acts only luminally
and cytochalasin B only contraluminally. Phloretin and the
organic mercurials act at both sides of the cell, phloretin
relatively more specific at the basolateral membrane and the
mercurials relatively more specific at the microvillus membrane
[29]. For transport at the basolateral membrane, the C-2-OH
position is not critical, for D-mannose, 2-deoxy-D-glucose and
2-O-methyl-D-glucoside are accepted by the transport system.
Differences between brush border and basolateral hexose trans-
port systems are also seen when substituents on C-I are tested.
If the methoxy group at C-I is in the /3 conformation, then the
sugar will be transported by both membrane systems. If,
however, the methoxy moiety is in the conformation, the
sugar is not accepted at the contraluminal membrane [29].
L-glucose is taken up by the basolateral membrane but not by
the brush border membrane. C-6 is apparently not important for
contraluminal transport, since 6-deoxy-D-galactose is trans-
ported. Fructose is transported by the basolateral membrane,
not by the brush border membrane. In general, the specificity of
the Nat-independent sugar transport system at the basolateral
membrane of the renal tubule resembles that of the sugar
transport system of the erythrocyte.
Examination of the kinetics of Nat-dependent glucose up-
take in brush border membrane vesicles prepared from renal
cortical homogenates reveals complex kinetic behavior [30].
Such a finding cannot be explained by a single Nat-glucose
cotransport carrier that obeys Michaelis-Menten kinetics. In-
stead, the observation has provided the first experimental
evidence for the presence of multiple Nat-dependent glucose
transport systems in the kidney. Barfuss and Schafer [31],
studying glucose transport in perfused segments of the proximal
tubule, have found that the affinity of the transport system(s) for
glucose increases and maximal flux decreases progressively as
a function of length along the nephron. Thus, the presence of
multiple glucose carriers in the brush border membrane may
reflect heterogeneity of transport sites along the length of the
proximal tubule. This concept has subsequently been estab-
lished by Turner and Moran [32]. These investigators have
compared the glucose transport properties of microvillus mem-
brane preparations from two regions of the rabbit kidney: the
outer cortex, which contains predominantly brush border mem-
branes from proximal convoluted tubules of superficial neph-
rons (S1 and some S2 cells); and the outer medullary region,
which contains predominantly brush border membranes from
the late proximal tubule (S3 cells). Although the qualitative
characteristics of glucose transport in the two membrane prep-
arations are similar, in that both are markedly Natdependent
and inhibitable by phlorizin, significant quantitative differences
are evident. In contrast to the curvilinear Eadie-Hofstee plots
which are observed with whole cortical preparations, linear
plots with dramatically different slopes are obtained with the
individual outer cortical and outer medullary vesicles. The Km
for the transport system in the outer cortex is 6 m, whereas in
the outer medulla the Km is 0.4 mivi. In addition, the Vmax of the
sugar transport system in brush borders from the S1 + 2
segments of the proximal tubule is 2.5 times greater than that in
the S3 region of the nephron [32]. Thus, glucose reabsorption is
apparently mediated by a low-affinity high-capacity cotransport
system in the early proximal tubule and by a high-affinity
low-capacity system in the late proximal tubule. The two
transports also show different sensitivity to inhibition by phlo-
rizin and different specificity for glucose analogs [32, 33]. The
outer medullary transporter is about two orders of magnitude
less sensitive to inhibition by phlorizin than the outer cortical
site, suggesting that it is the outer cortical glucose carrier and
not the outer medullary sugar transporter that is associated with
the high-affinity Na-dependent phlorizin binding site reported
in renal cortical brush border membranes. Recently, Quamme
and Freeman [34] have presented kinetic evidence for multiple
Na-dependent glucose transport systems in both the cortical
and medullary regions of the pig kidney. Primary cultured cells
of the rabbit cortex possess only the high-affinity type of
glucose transport characteristic of the late proximal tubule [35].
The physiological implication of this transport heterogeneity
has come from examination of the Na dependence of the
systems. With outer cortical preparations, glucose flux is a
hyperbolic function of Na concentration indicative of a Nat:
glucose stoichiometry of 1:1 [32]. In contrast, plots of glucose
flux versus Na concentration with the outer medullary prep-
aration are sigmoidal, indicating the involvement of more than
one Na per glucose transported [36]. Fitting the results to the
Hill equation yields an N value of 1.8. These experiments may
suggest that the important physiological difference between the
early and late proximal tubule glucose carriers may be their
coupling stoichiometries rather than their affinities for sugar.
That this is indeed the case has been verified by Turner and
Moran [32, 36] using the 'static head" method, a technique that
has been used early to establish the coupling ratio of the
Na-H exchanger in renal microvillus membrane vesicles
[37]. With this method the Na:glucose coupling ratio is found
to be 1:1 for the carrier in the other cortex and approximately
2:1 for the carrier in the outer medullary region. The number of
electric charges that is transferred per glucose molecule has
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also been estimated by the static head method [38]. Values of
0.9:1 and 1.5:1 for the early and late proximal tubular prepara-
tions, respectively, have been reported, agreeing well with the
corresponding Na :glucose coupling ratio for these carriers.
The results demonstrate that glucose reabsorption in the
proximal tubule is mediated by at least two cotransport systems
with different Na :glucose stoichiometries: (I) a low-affinity
high-capacity system localized in the early proximal tubule with
a coupling ratio of 1:1; and (2) a high-affinity low-capacity
system localized in the late proximal tubule with a Na :glucose
coupling ratio of 2:1. The physiologic rationale for this hetero-
geneity has been proposed by Turner and Moran [321. Accord-
ing to their postulate, most of the filtered glucose is reabsorbed
early in the tubule at an energetic cost of one Na per sugar
molecule. As glucose is reabsorbed along the length of the
tubule, its intracellular concentration decreases along with its
concentration in the filtrate. Eventually, a condition is attained
in which the electrochemical gradient for Na is too low for a
1:1 system to drive the intracellular glucose concentration to a
value higher than that found in the blood. At this point, glucose
reabsorption would cease. However, before this occurs, the 2:1
system present in the late proximal tubule becomes operational.
Since the concentrating capacity of a coupled carrier increases
as the power of the stoichiometry, the same driving system can
be used to effect higher intracellular glucose concentrations.
Thus, glucose reabsorption continues to be driven in the late
proximal tubule and last traces of sugar are pumped from the
filtrate at the higher energetic cost of two Na per glucose
molecule. This arrangement of carriers in series along the
nephron leads to a more energy-efficient reabsorptive mecha-
nism for glucose than can be achieved by either of the cotrans-
porters acting alone.
It is to be noted that Kimmich and Randles [39, 40], using
isolated intestinal cells in which the membrane potential is
experimentally clamped at or near zero, have provided evi-
dence that the Na:sugar coupling ration is 2:1 in the chicken
intestine. In agreement, Kaunitz, Gunther and Wright [41] have
measured transport coupling in brush border membrane vesi-
des from rabbit intestine directly in double-label experiments
and have concluded that two or more Na are coupled to
glucose transport across the intestinal luminal membrane. In
addition, a 2:1 stoichiometry for Na:phlorizin binding is found
in isolated enterocytes [42]. The cultured pig kidney cell line
LLC-PK expresses the Nat-dependent glucose carrier resem-
bling that found in the late proximal tubule, since the Na:
glucose [43—45] and Na:phlorizin [461 stoichiometries are 2:1.
The existence in whole cortical brush border membrane
preparations of two cotransporters, with different Na :glucose
stoichiometries and perhaps with different kinetic mechanisms,
plus the experimental difficulties of the system, severely limit
the amount of information which a Cleland type analysis can
provide as to the cotransport mechanism [47]. Nevertheless,
relating phlorizin binding to glucose flux, the experimental
results provide strong evidence that phlorizin (glucose) and
Na bind to their respective sites on the carrier in a random
fashion [16, 48, 49]. However, the preferred order sequence of
binding, a special case of the general random mechanism, is, in
the presence of ifi negative inside the vesicles, Na0 first,
phlorizin0 second. Semenza et al [47] have detailed a
plausable mechanistic model in which the Nat-glucose cotrans-
porter, being structurally and functionally asymmetric with
respect to the plane of the membrane, operates as a gated
channel or pore, or a snip-snap mechanism. At 4' = 0, and in
the absence of substrates, the Na and glucose binding sites
have a predominantly inward orientation. In addition, the
carrier has very small outward translocation probabilities of
partially occupied forms. Further, the carrier has a negative
charge, as suggested earlier [16], presumably a carboxylate
group in the mobile part (the "gate") responding to the mem-
brane potential difference. Last, the translocation probability of
the fully occupied carrier is probably larger in the out to in
direction. Peerce and Wright [50], in experiments in which the
Nat-glucose cotransporter in intestinal brush border mem-
branes are labeled with fluorescein isothiocyanate, have pre-
sented evidence for a Nat-dependent conformational change in
the carrier.
In the past decade, a number of approaches have been used
to identify and isolate the Nat-glucose cotransporter. The
earlier attempts, including solubilization-reconstitution, semi-
selective and photoaffinity labeling, and negative purification,
have proven to be inconclusive and contradictory as well as
frustrating and less than fruitful. These have been critically
examined by Semenza et al [47] and Koepsell [51]. Therefore, in
the present review these approaches will only be summarized
and updated. On the other hand, with the advent of molecular
biological techniques and their application to the study of the
Nat-dependent glucose carrier, successful and promising ad-
vances have very recently been achieved. These exciting de-
velopments, especially those by Wright and his associates
(Hediger et al [52]), will be discussed in greater detail.
Work on the isolation and biochemical characterization of the
Nat-dependent glucose carrier from the kidney or intestine by
solubilization-reconstitution techniques has been difficult be-
cause of the very low density of the cotransporter, about 100
pmol/mg of kidney brush border membrane [53] or 7 to 30
pmol/mg of intestinal membrane [47]; denaturation of the intrin-
sic membrane protein, which must possess hydrophobic and
hydrophilic domains, in the detergent-lipid-water extraction
media; high sensitivity to proteinases and 02 after extraction;
and, if the carrier is active only as an oligomer, the problematic
recombination of the subunits in the active configuration.
Nevertheless, progress has been made. Crane, Malathi and
Preiser [54, 55] have first reported the solubilization, by deter-
gent, and reconstitution, into liposomes, of the renal and
intestinal glucose carrier. The "solubilized" extract has been
fractionated on concanavalin A-Sepharose, a phlorizin deriva-
tive, hydroxyapatite, or by precipitation with polyethylene
glycol [56—59]. The reconstituted proteoliposomes have been
tested for glucose uptake and phlorizin binding and, in general,
show stereospecificity, Na - and potential-dependence, and
transient overshoots. Thus, the reconstituted transport system
shows many of the characteristics of the carrier in the intact
membrane. However, at best, the number of phlorizin binding
sites/mg protein is about eight times higher than that measured
in the intact brush border [59] and the activity recovered
represents a minute fraction of the original activity. In light of
the poor enrichment and recovery, estimates of molecular size
must be considered very tentative. But, various authors have
suggested the possible involvement of polypeptide bands of
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160-165 kDa, under nondenaturing conditions, to 30 kD for the
separated monomers [47, 51].
Semi-selective and photoaffinity labeling have been used to
gain insight on potential candidate Na-glucose carriers. Reac-
tion with SH-reagents, with and without protection with glu-
cose or phlorizin, has been tried by different investigators with
minimal success [47]. Klip et al [601 have suggested a diffuse
band of 60-70 kDa as the (or part of) possible intestinal
cotransporter. A series of photolabile derivatives of phlorizin
have also been synthesized and tested. After satisfying various
labeling criteria, a 72 kDa band is indicated as the likely
candidate for the contransporter [61]. Neeb, Fasold and Koeps-
elI [62] have recently employed affinity labeling with glucose
analogs. After two-dimentional separation by isoelectric focus-
ing and SDS-gel electrophoresis, three labeled, D-glucose-
protectable polypeptides with respective molecular weights and
isoelectric points of 82 kDa and 5.6, and 75 kDa and 5.4, and 75
kDa and 6.9 are distinguished. These authors suggest that renal
brush border membranes contain several polypeptides which
are components of the Nat-glucose carrier. Peerce and Wright
[50], using covalent fluorescent probes, find that the probes
bind to a 75 kDa polypeptide with an isoelectric point of 5.3. In
addition they report that the Na and glucose sites are 35 A
apart.
Proteins, unrelated to Nat-dependent phlorizin binding and
glucose transport, can be removed from brush border mem-
branes without affecting the function of the carrier. Papain and
chaotropic agents have been used [631. The sequential use of
these treatments leads to a 10-fold negative enrichment of the
cotransporter. A change in intensity of a diffuse band of 60-70
kDa is claimed. The apparent size is reduced to 49-57 kDa after
papain treatment.
Other techniques have been employed to estimate the molec-
ular size of the Nat-glucose carrier. Silverman and Speight [64]
have isolated a Na-dependent phlorizin binding polypeptide
from a phlorizin affinity column which is reported to be purified
about 100-fold compared to intact kidney brush border mem-
branes. On SDS-gels, a 6 1-66 kDa polypeptide shows enrich-
ment. However, Turner and Kempner [65] have found by
radiation-inactivation of the intact brush border that Nat-
dependent phlorizin binding has a molecular weight of 110 kDa,
perhaps suggesting that the Nat-dependent phlorizin compo-
nent of the carrier exists as a dimer in the intact membrane.
Further, when Nat-dependent glucose transport is used as the
assay for the functional carrier, radiation-inactivation studies
indicate a molecular weight of about 345 kDa [66, 671. This may
suggest that the functional glucose carrier exists as a tetramer
or higher oligomer in the brush border membrane.
In order to circumvent or avoid some of the limitations
inherent in the classical approaches used to isolate and charac-
terize the Nat-dependent glucose carrier, newer techniques
have been introduced. One of these is the use of immunoaffinity
absorption. Thus, Schmidt et al [68] have prepared monoclonal
antibodies against detergent extracted intestinal brush borders
which inhibit Na-dependent phlorizin binding to, and Nat-
dependent glucose transport into brush border membrane yes-
ides. When the antibodies are used as an immunoabsorbent, a
polypeptide of 72 kDa is specifically eluted by appropriate
concentrations of D-glucose or phlorizin. These studies provide
strong evidence that the polypeptide of 72 kDa represents all or
part of the rabbit intestinal Nat-glucose cotransporter.
Similarly, Wu and Lever [69] have prepared several mono-
clonal antibodies after immunization of mice with purified pig
renal brush border membranes or apical membranes from the
LLC-PK1 renal cell line. These preparations influence Nat-
dependent phlorizin binding. One antibody, an IgG2, stimu-
lates binding whereas another antibody, an 1gM, strongly
inhibits binding. The antibodies do not affect Nat-dependent
glucose uptake into vesicles but do significantly prevent inhibi-
tion of sugar transport by bound phlorizin. The antibodies
recognize a 75 kDa antigen identified by Western blot analysis
of brush border membranes, and a 75 kDa membrane protein is
immunoprecipitated by the 1gM-type antibody. Additionally,
these investigators have purified and reconstituted a 75 kDa
protein from solubilized renal brush border membranes that
functions as a Nat-glucose cotransporter [70]. The protein
interacts with the monoclonal antibody. The findings provide
further evidence that the 75-kDa protein is a component of the
Na-glucose carrier. The purified protein contains glucosamine
and a blocked N-terminus [691.
In studies which significantly advance our knowledge of the
Nat-glucose carrier, Hediger et al [71] have isolated the mRNA
from the rabbit intestinal mucosa and have injected the message
into Xenopus !aevis oocytes. Expression of the cotransporter is
then assayed by measuring the Na-dependent phlorizin-sensi-
tive uptake of a-methyl glucoside. Expression of the glucose
carrier is detected three to seven days after injection of mRNA.
When the total mRNA is fractionated on agarose gels and each
fraction assayed for its ability to induce transport activity, the
mRNA encoding the Natglucose cotransporter is found in a
single fraction of about 2.3 kb. In vitro translation of the
fractionated intestinal mRNA reveals enhanced synthesis of
two protein bands at 57 and 63 kDa. Subsequently, Hediger et
al [52] have synthesized the cDNA from the mRNA and the full
length cDNA is isolated. After construction of a plasmid library
in a transcription vector, colonies are screened by injecting
mRNA synthesized in vitro into oocytes and assaying for
Na-dependent sugar uptake. Hediger et al [52] have isolated a
single clone, and RNA synthesized from this clone increased
uptake more than 1000-fold. Sugar analogues inhibit a-methyl
glucoside uptake in the order expected for the intestinal brush
border Na -glucose cotransporter; phlorizin blocks uptake;
and Na activates uptake with a Hill coefficient of 1.5. These
results demonstrate that they have cloned the cDNA for the
"classical" intestinal brush border carrier rather than another
glucose carrier. Hediger et al [52] have then sequenced the
DNA and deduced the amino acid sequence of the carrier. The
open frame of the DNA codes for 662 amino acid residues with
a relative molecular mass of 73.08 kDa.
From the predicted amino acid sequence, a hydrophobicity
plot has been generated and a model proposed [52]. These are
illustrated in Figure 2. Their model contains 11 membrane-
spanning sequences. Five of these (2, 5 to 7 and 9) are
amphipathic and may interact to stabilize the structure. A
feature of the hydrophilic domains is the presence of two long,
highly polar regions near the C-terminus. One links membrane
spans 10 and 11. The other large polar domain is on the opposite
side of the membrane between spans 7 and 8. Two shorter
hydrophilic segments, one on each side of the membrane,
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Fig. 2. Proposed model for the orientation of
the Na-g1ucose cotransporter in the
membrane. (a) Hydrophobicity plot of the
Na-glucose carrier amino acid sequence. (b)
Proposed model. G indicates N-X-T/S
sequences which represents potential N-linked
glycosylation sites. Clusters of negative and
positive charges are represented as — and +.
Reproduced from Hediger et at 152], with
permission.
contain potential N-linked glycosylation sites. Hediger et al [52]
speculate that the two highly charged hydrophilic segments are
involved in glucose binding. Comparison of the DNA and amino
acid sequences with those in GenBank and NBRF protein
identification files suggests that the Nat-glucose cotransporter
may represent a novel class of transport proteins.
Finally, the present review will conclude with a brief discus-
sion of the regulation of the Na-dependent glucose transport
system. Developmental aspects of renal sugar transport has
been examined by Foreman et al [721. The initial rates of sugar
uptake in three-month and adult dogs are similar and are twice
that found in the newborn. No change with age is found in
glucose uptake between brush border membrane vesicles iso-
lated from rats three months of age and from senescent animals
24 months of age [73]. On the other hand, in cultured renal cells,
expression of the Nat-dependent sugar transport system is
regulated by a number of factors, particularly the cell density
and age of the culture. The transporter in LLC-PK1 cells is not
expressed shortly after cells are seeded and during their early
growth phase [74, 75]. Na-dependent sugar uptake becomes
active when the cells become confluent, and increases thereaf-
ter for at least two additional weeks. The increased transport
activity with cell maturity correlates well with increased uptake
of glucose in apical membrane vesicles prepared from the cells,
indicating that a large part of the increased accumulation of
sugar is the result of changes in the carriers in the apical plasma
membrane [43], Amsler and Cook [761 have also observed a
correlation between the capacity for active sugar uptake and the
number of Na-dependent phlorizin binding sites.
The expression of the Natsugar cotransport system is also
regulated by the concentration of glucose in the growth medium
[77]. Cells grown in a medium containing 25 m glucose have
reduced hexose transport compared to cells grown in 5 mtvi
glucose. The increased accumulation in cells grown in lower
glucose is the result of more apical membrane transporters. The
number of high affinity phlorizin binding sites is also greater in
cells cultured in 5 m glucose. The signal appears to result from
the metabolism of glucose. However, the signal that results
from hexose metabolism is unknown. Down regulation, that is,
the loss of a-methyl glucoside concentrating capacity brought
about by switching the cells from a low to high glucose-
containing medium, is independent of cell replication [78]. In
contrast, the up-regulatory phenomemon may be due to impair-
ment of gene expression.
No reprints of this article are available.
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